Silicon field emitter tips are coated with diamondlike carbon ͑DLC͒ film. Argon-ion bombardment of the tips increased the aspect ratio and helped uniform DLC coating. Using DLC-coated tips, we have fabricated a self-aligned gated field emission array.
I. INTRODUCTION
Choice of material for a field emitter cathode is the first step in fabricating vacuum microelectronics devices. Silicon has become a popular selection for such material due to the advancement in silicon processing technology; however, compared with refractory metal cold cathodes, silicon has limited properties for use as a field emitter tip. Silicon is fragile, its thermal conductivity is low, and the surface is covered with native oxide. Since the performance and the lifetime of field emitter tips greatly depend on these factors, there has been a continuous effort to amend silicon tips by depositing foreign material on them. The most recent such effort is to coat the tips with diamond or diamondlike carbon ͑DLC͒ films; however, since diamond grows as a grain, the tip surface becomes rough, and thus DLC seems to be a better choice for uniform coating. Field emission from laserablation-grown DLC was reported by Kumar and Schmidt. 1 Xie et al. patterned a DLC film field emitter into pixels and displayed an image on a phosphor sereen; 2 however, since this field emission display ͑FED͒ was a diode type without a gate, the driving voltage was high. In order to enhance the emission from the DLC-coated Si tips with low gate voltage, we have fabricated a volcano-shape gate. Since the chemicalvapor-deposition ͑CVD͒-grown DLC film coats the entire surface, a shadow mask cannot be used to coat the DLC film only in the desired area, which in this case is the tip. Therefore, we first prepared the Si tips and coated them with DLC. The DLC-coated Si tips were furnished with gate holes using conventional process for the volcano-shape gate hole fabrication.
II. FABRICATION
An array of Si tips was formed on a n-type Si wafer using conventional dry etch and sharpening oxidation. 3 The distance between the tips was 4 m. Before the DLC deposition, silicon tips were cleaned by Ar ion bombardment from the normal direction to the substrate. With the adequate amount of bombardment, we found that the tips became even sharper due to the angle dependence of the sputter etch rate. The DLC film was deposited using radio-frequency plasmaassisted CVD using C 6 H 6 gas. The gas pressure was 10 mTorr, and the substrate bias voltage was Ϫ500 V. The growth chamber was also filled with N 2 gas to dope the DLC film with nitrogen. The DLC-coated tips were deposited with a SiO 2 insulating layer, a molybdenum gate film, and a photoresistive ͑PR͒ film, as shown in Fig. 1 . After ashing PR to expose the apex of the coated tips, the gate metal film and the insulating layer were removed to expose the DLC-coated tips. Except that the tips are coated with DLC, our process is the same as that for the conventional volcano-shape selfaligned silicon field emission array ͑FEA͒. The currentvoltage (I -V) characteristics and the field emission pattern were measured in a vacuum chamber kept at 3 ϫ 10 Ϫ7 Torr pressure.
III. RESULTS AND DISCUSSION
DLC coating on the Si tips without any surface treatment was not successful because of the native oxide layer on the surface. We have tried to remove the native oxide by dipping the Si tips in HF solution, but DLC adhesion was poor. Tips were also cleaned by Ar ion bombardment. Figure 2 shows a series of scanning electron microscope ͑SEM͒ images of the tips. After Ar ion bombardment for 15 min, the aspect ratio of the tips has improved very much, as can be seen from Figs. 2͑a͒ and 2͑b͒. This is due to the angle dependence of the sputter etch rate, which is similar to the sharpening of diamond grains upon ion milling. 4 However, overbombardment eventually damaged the tip apex and resulted in a dull tip. DLC adhered strongly and uniformly on the Arbombardment Si tips. Figures 2͑c͒ and 2͑d͒ are SEM images of the tips coated with DLC for 5 and 15 min, respectively. This result shows that the film thickness and the aspect ratio of the tip can be controlled by Ar bombardment and DLC deposition time.
The I -V curve of the DLC-coated tips displayed in Figs. 2͑a͒ and 2͑c͒ are plotted in Fig. 3͑a͒ , and Fig. 3͑b͒ shows the Fowler-Nordheim plot. For measurement, an anode was placed 50 m above the tips using a mica film spacer. Although the DLC-coated tips look blunt, the onset field for the emission from the DLC-coated tips is lower than from the as-prepared Si tips. Since the mechanism of the field emission from DLC films is not understood yet, it is difficult to a͒ Author to whom all correspondence should be addressed.
analyze precisely the emission behavior of the DLC-coated Si tips. It is possible that the electrons reached the surface of the DLC film by hopping between carbon particles before tunneling out to the vacuum. It is also possible that the DLC film merely acted as a dielectric medium, and the electrons tunneled out of the Si tip and ballistically flew through the DLC film. 5 In this case, since the Si tips under the DLC coating are made sharper by ion bombardment, the onset voltage for the DLC-coated tips will be lower. We have measured the field emission pattern of the DLC-coated Si tips on the phosphor screen. The screen became bright only when a positive bias was applied to the screen, and the brightness could be controlled by varying bias voltage.
To fabricate DLC-coated silicon tips with a gate, we have used a process for the volcano-shape FEA. For this application, Si tips were coated with less amount of DLC than those shown in Fig. 2͑c͒ , so that the tips remained sharp. A SEM image of the resulting device is shown in Fig. 4 , and, in Fig.  5 we show the I -V curves and the Fowler-Nordheim plot obtained from our volcano-shape FEA samples with and without DLC coating, respectively. The two samples were fabricated using the same process condition except the DLC coating. For the DLC-coated FEA, the onset gate voltage for the emission was 10 V and the current reached 10 A at 16 V out of 100 tips before the breakdown destroyed the sample. We think that the relatively low breakdown voltage is due to the dirty surface of the insulating layer.
IV. CONCLUSION
We have coated Si field emitter tips with DLC to improve the tip stability. We have found that Ar ion bombardment of the Si tips further increased the tip aspect ratio, and helped the uniform coating of the DLC film. The onset voltage for the emission became lower after Ar ion bombardment and DLC coating. Using DLC-coated Si tips, we have fabricated a gated volcano-shape FEA.
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